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Abstract
Recent climatic trends and climate model projections indicate that climate change will modify rangeland ecosystem functions
and the services and livelihoods that they provision. Recent history has demonstrated that climatic variability has a strong
influence on both ecological and social components of rangeland systems and that these systems possess substantial capacity to
adapt to climatic variability. Specific objectives of this synthesis are to: 1) evaluate options to mitigate greenhouse gas emissions
and future climate change; 2) survey actions that individuals, enterprises, and social organizations can use to adapt to climate
change; and 3) assess options for system transformation when adaptation is no longer sufficient to contend with climate change.
Mitigation for carbon sequestration does not appear economically viable, given the small and highly variable carbon dioxide
fluxes of rangeland ecosystems and the high transaction costs that would be incurred. In contrast, adaptation strategies are
numerous and provide a means to manage risks associated with climate change. Adaptation strategies are diverse, including
altered risk perception by individuals, greater flexibility of production enterprises, and modifications to social organizations that
emphasize climatic variability, rather than consistency. Many adaptations represent ‘‘no regrets’’ actions because their
implementation can be justified without emphasis on pending climate change. Adaptations specific to livestock production
systems can include flexible herd management, alternative livestock breeds or species, innovative pest management, modified
enterprise structures, and geographic relocation. Social-ecological systems in which adaptation is insufficient to counter the
adverse consequences of climate change might undergo transformative change to produce alternative ecosystem services,
production enterprises, and livelihoods. The rangeland profession is in a pivotal position to provide leadership on this global
challenge because it represents the intersection of management and scientific knowledge, includes diverse stakeholders who
derive their livelihoods from rangelands, and interacts with organizations responsible for rangeland stewardship.
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INTRODUCTION
Climate change science has detected measurable shifts to long-
term climatic trends in combination with greater climatic
variability, and both are projected to continue in the future.
These changes in climate, often referred to as the ‘‘greenhouse
effect,’’ are a consequence of increasing atmospheric concen-
trations of greenhouse gases (GHG), including carbon dioxide
(CO2), that have contributed to a global temperature increase
of approximately 18C since industrialization (ca. 1750).
Temperatures are anticipated to increase by as much as 28C
by midcentury, with the greatest warming at high latitudes
(IPCC 2007a; Karl et al. 2009; NRC 2010). A warming
atmosphere is projected to modify both mean annual precip-
itation and its variability, and increasing atmospheric energy is
anticipated to amplify the frequency and intensity of severe
weather events (IPCC 2007a, 2012; NRC 2010). The current
projections indicate that the southwest and southern plains of
the United States and northern Mexico will become warmer
and drier, the Great Basin will experience warmer drier
summers and reduced snowpack in winter, and the northern
United States and southern Canada will become warmer and
wetter. These climate changes have a high probability of
substantially modifying the current function of ecosystems, and
the services and livelihoods that they provision (see companion
article in this issue, Polley et al. 2013). The indirect effects of
climate change on fire regimes, and population densities and
ranges of insects, invasive species, plant and animal diseases,
and parasites are likely to rival those of direct climate change
drivers (MEA 2005; NRC 2010).
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Rangeland systems consist of interacting ecological and
social components that are influenced by bio-physical drivers,
such as climate, and socio-economic drivers, such as interna-
tional markets (Fig. 1; Reynolds and Stafford Smith 2002;
Reynolds et al. 2007; Fox et al. 2009). Human activities,
through management, facilitate the provisioning of ecosystem
services from social-ecological systems (Table 1), and can
fundamentally alter local social-ecological interactions (Staf-
ford Smith et al. 2007). Markets, private and nongovernmental
institutions, and governmental economic and environmental
policy also affect management actions and the provisioning of
ecosystem services (Fig. 1). In the case of climate change,
humans can implement actions to both minimize the severity of
climate change by reducing GHG emissions and minimize the
detrimental effects of these changes on social-ecological
systems by implementing various management and policy
decisions. Consequently, strategies for navigating climate
change should be developed in the context of the entire
social-ecological system.
A unique characteristic of social-ecological systems is the
capacity to ‘‘learn’’ from both positive and negative outcomes
to previous natural events and management actions (Gunder-
son et al. 2006). Lessons learned from the drought of the 1930s
resulted in regional and national institutional change, fostered
learning at the enterprise level, and initiated research on soil
conservation. Climate change will alter the environmental and
economic risks within rangeland systems (Fig. 1); human
perceptions and behaviors play a significant role in risk
assessment and the capacity to adapt to change (Knapp and
Fernandez-Gimenez 2009; Briske et al. 2011; D’Odorico et al.
2013). As with the 1930s drought, the development of
management actions for mitigation and adaptation will depend
on the timely integration of local experiential knowledge with
scientific and organizational knowledge on climate change
impacts and ecological responses. Enhancing adaptive capacity
and facilitating social learning across multiple social-ecological
levels is a critical component of confronting climate change on
rangelands (Nelson et al. 2007; Pelling 2011).
Three broad strategies exist to address the social-ecological
consequences of climate change: 1) mitigation by adjusting
management practices, enterprises, and policies to increase
carbon (C) sequestration and reduce GHG emissions, thereby
lessening the future extent of climate change, 2) adaptation by
modifying management practices, enterprises, and social
systems to minimize negative consequences and exploit
opportunities of climate change, and 3) transformation by
shifting to alternative enterprises and ecosystems services and
modifying human expectations of the function, behavior, and
value of the services provided by future rangeland systems.
Transformation is required when irreversible change in social
Figure 1. Conceptual depiction of the interactive relationships within the
rangeland social-ecological system as influenced by the experiential
knowledge, scientific knowledge, and organizational knowledge and the
socio-economic and bio-physical drivers (modified from Reynolds and
Stafford Smith 2002).
Table 1. Glossary of terms used to address strategies for responding to
climate change in social-ecological systems.
Adaptation: social, economic, or cultural adjustment to a change in the physical or
social environment of a system (Chapin et al. 2009)
Anticipatory adaptation: adaptation that takes place before impacts of climate
change are observed (IPCC 2007a, WGII Glossary)
Autonomous adaptation: adaptation that does not constitute a conscious response
to climatic stimuli but is triggered by ecological changes in natural systems and
by market or welfare changes in human systems (IPCC 2007a, WGII Glossary)
Planned adaptation: adaptation that is the result of a deliberate policy decision,
based on an awareness that conditions have changed or are about to change
and that action is required to return to, maintain, or achieve a desired state
(IPCC 2007a, WGII Glossary)
Adaptive capacity: capacity of social-ecological systems, including both their
human and ecological components, to respond to, create, and shape change in
the system (Chapin et al. 2009)
Carbon sequestration: capture and storage of atmospheric CO2 produced in the
global energy system, most often in soils and vegetation of terrestrial systems
(Follett et al. 2001)
Ecosystem services: benefits that humans receive from ecosystems (MEA 2005)
Human well-being: quality of life in terms of material needs, freedom and choice,
good social relations, and personal security (Chapin et al. 2009)
Mitigation: human actions to reduce the magnitude of greenhouse gasses (GHG)
emissions into the atmosphere and to sequester existing atmospheric CO2 as a
means to reduce the impact of climate change
Resilience: the capacity of a system to absorb disturbance and reorganize while
undergoing change so as to retain essentially the same function, structure,
identity, and feedbacks (Walker et al. 2004)
Social-ecological system: system with interacting and interdependent physical,
biological, and social components, emphasizing the perspective of humans in
nature (Chapin et al. 2009)
Transformation: fundamental change in social-ecological systems that results in
the formation of novel state variables and feedbacks, ecosystem services, and
livelihoods when existing conditions make the current system untenable (Walker
et al. 2004; Chapin et al. 2009)
Vulnerability: risk to the adaptive capacity of systems or the potential harm caused
to systems when this capacity has been exceeded (NRC 2010); degree to
which a system is likely to experience harm owing to exposure and sensitivity
to a specified hazard or stress and its adaptive capacity to respond to that
stress (Chapin et al. 2009)
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or ecological conditions exceeds the adaptive capacity of the
current system.
The overarching goal of this synthesis is to expand upon
these strategies and associated actions, within a framework of
social-ecological systems. We emphasize the adaptive capacity
and social learning necessary to maintain the provision of
ecosystem services and to sustain enterprise viability and
human livelihoods in response to accelerating climate change.
Specific objectives are to: 1) evaluate options to mitigate GHG
emissions and future climate change, 2) survey actions that
individuals, enterprises, and social organizations can use to
adapt to climate change, and 3) assess options for transforma-
tional change when adaptation is no longer sufficient to
contend with climate change. Livestock production systems
are emphasized because they represent a major source of
human livelihoods on rangelands.
MITIGATION TO LESSEN FUTURE CLIMATE
CHANGE
Climate change mitigation refers to a broad set of actions
intended to reduce the rate and extent of climate change by
decreasing GHG concentrations in the atmosphere (IPCC
2007b). Mitigation includes both reducing GHG emissions
and increasing C sinks primarily in soils and vegetation.
Rangeland management can influence the flux of GHGs
between land and atmosphere sufficiently to alter atmospheric
GHG concentrations over decadal timeframes, but it is unlikely
to be a major contributor to mitigation. Pacala and Socolow
(2004) estimated that forestry and agricultural soil manage-
ment have the potential to achieve ~ 15% of an overall GHG
management strategy to stabilize climate over the next 50 yr.
Current knowledge of C fluxes in rangeland systems indicates
that policies and programs should focus on long-term strategies
to protect existing C pools, rather than attempt to enhance
future sequestration (Booker et al. 2013).
Rangeland management, including livestock production,
influences fluxes of the three dominant GHGs: methane
(CH4), nitrous oxide (N2O), and CO2 between land and
atmosphere. These gases have different potentials for trapping
thermal radiation emitted from Earth and, therefore, uniquely
contribute to global warming. The relative contributions of
these gases to warming are typically calculated using the 100-yr
global warming potential (GWP) and are often expressed in
CO2 equivalents (CO2e), the amount of CO2 required to match
the GWP of a given amount of CH4 or N2O (IPCC 2001). For
example, the relative contribution of one ton of N2O to global
warming is equivalent to 310 tons of CO2; one kg of CH4 has
the warming equivalent (CO2e) of 21 kg of CO2 (US EPA 2012;
also, see Supplemental Materials; available online at http://dx.
doi.org/10.2111/REM-D-12-00142.s1). The net emissions of
GHG in mitigation strategies are usually converted to this
metric of CO2 equivalents (CO2e) for reporting and trading
purposes (US EPA 2012).
Emissions of GHGs from rangeland management activities
are small per unit area and highly variable, but not
inconsequential in the context of global emissions. Rangeland
ecosystems can function as either sources or sinks for CO2
depending largely upon resource availability, primarily soil
water content (Polley et al. 2013 [this issue]). Ruminant
livestock production is estimated to account for . 30% of the
total 6 875 M CO2e of CH4 emissions on a global basis through
enteric fermentation and manure management, with about
18% of the total due to livestock grazing on rangelands (Smith
et al. 2007). In the United States, total methane emissions are
estimated at 686 MMg CO2e, with about 20% attributed to
enteric fermentation and 7% to manure management (US EPA
2012). Although there are no systematic assessments separating
rangelands and intensively managed pastures, most estimates
place rangeland livestock grazing at less than one-half of the
total (Liebeg et al. 2010). The manure management component
is attributable entirely to confined livestock, and there is little
opportunity for emission reductions in extensively managed
rangeland systems. Rangeland vegetation and soils can be
either sinks or sources of CH4, but these fluxes are considered
to be small relative to direct emissions from livestock (Liebig et
al. 2010). Emissions of N2O from unfertilized rangelands are
variable and difficult to quantify, but are estimated to account
for , 1% of agricultural emissions in the United States and
worldwide (US EPA 2012).
Mitigation Strategies
Mitigation strategies involve modifications to the management
and structure of production enterprises to increase or maintain
the amount of sequestered C and decrease emissions of GHGs
into the atmosphere (for possible strategies, see Table 2).
Regulations and policies, if properly developed, could incenti-
vize enterprise-level activities to address mitigation in land
management.
C Sequestration Potential. Most credible estimates place the
effective potential of rangeland C sequestration at about one-
half that of US croplands (130–300 vs. 270–700 MMg CO2e
for rangeland and cropland respectively; Lal et al. 1998; Follett
et al. 2001). Although the potential for C sequestration on
rangelands is relatively low per unit of land area, the vast land
area of rangelands and strong positive correlation between C
sequestration and other desired ecosystem services makes this a
viable mitigation strategy (Follett et al. 2001). These C
sequestration estimates include conversion of cropland to
rangeland and restoration of degraded rangelands (64–167
MMg CO2e  y1), and improved management on existing
rangelands (20–59 MMg CO2e  y1). As these values indicate,
the potential impact of rangeland C sequestration accounts for
approximately 2.5% and , 1% of, respectively, total US CO2e
emissions in 2010 (6 800 MMg CO2e, US EPA 2012).
The amount of C sequestered in rangeland ecosystems is a
direct consequence of photosynthetic C inputs relative to C
losses from soils by plant and soil microbial respiration.
Grazing at recommended stocking rates has a relatively minor
impact on the production:loss ratio and, therefore, on soil C
pools (Derner et al. 2006; Derner and Schuman 2007; Polley et
al. 2008). In some rangeland ecosystems, grazing can stimulate
root production in upper soil layers by modifying species
composition to shallow-rooted species, resulting in increased
soil C at this location, but not throughout the entire profile
(Schuman et al. 1999; Derner et al. 2006). However, intensive,
chronic grazing can reduce belowground primary production
(Milchunas and Lauenroth 1993) and C inputs (Schuman et al.
514 Rangeland Ecology & Management
2001). Other disturbances that affect only aboveground
biomass, such as fire, typically have a limited effect on soil C
pools as long as adequate plant cover is maintained and soil is
not disturbed (Dai et al. 2006; Cleary et al. 2010; Rau et al.
2010). For example, burning tallgrass prairie stimulated leaf
area and canopy photosynthesis, although these C gains were
offset by increased respiration from both the soil and
vegetation (Bremer and Ham 2010).
Woody plant encroachment of grasslands often increases soil
pools of organic C and total nitrogen (Archer et al. 2001; Asner
et al. 2004; Briggs et al. 2005; Hughes et al. 2006), but the
results are not entirely consistent (Jackson et al. 2002;
McCarron et al. 2003). In addition, potential tradeoffs can
occur among specific GHGs in response to natural events or
management actions. For example, an increase in C sequestra-
tion associated with woody plant encroachment was also
associated with an increase in emissions of nitric oxide gas and
nonmethane hydrocarbons (Archer et al. 2001). Grassland
encroachment by Prosopis glandulosa var. glandulosa increased
nitrogen (N) oxide fluxes by greater than 20-fold during
periods of nitrification of soil N in northern Texas (Martin et
al. 2003). The magnitude of these emissions was positively
correlated with aboveground biomass and both temperature
and precipitation.
Potential to Reduce GHG Emissions.Management strategies can
reduce GHG emissions (Table 2), but it is difficult to generalize
about management effects on net GHG emissions because
specific GHGs at specific locations show varied responses to
management. For example, an increase in N2O emissions
following N fertilization can offset benefits derived from an
increase in soil C sequestration that results from increased plant
production (Liebig et al. 2010). N fertilization is an infrequent
practice on native rangelands, but it must be accounted for in
enterprise inventories when improved pastures or crop residues
are part of production systems. Methane emissions from
livestock negated approximately 33% of C sequestration in
crested wheatgrass pastures and heavily grazed grassland, but
only 12% of C sequestration in moderately grazed native
grasslands. Collectively, results from a mixed grass prairie of
the Northern Plains indicate that moderate grazing is most
effective in achieving net reductions in total GHG emissions at
the enterprise level (Liebig et al. 2010).
Reducing fossil-fuel–derived inputs to livestock production
systems also can reduce GHG emissions (Zilverberg et al.
2011). Replacing hay with unfertilized dormant forage and
crude protein supplementation can significantly reduce energy
inputs and net C emissions per unit of livestock production,
especially in northern systems in which the production of
winter feed constitutes a large fraction of total energy usage,
and in systems in which large fertilizer inputs are used to
produce fodder crops. Energy used to produce winter feed
ranged from 0 to 46% of the total fossil fuel energy
requirement among the cow–calf production systems studied
by Zilverberg et al. (2011).
Realizing the full potential of rangelands to sequester C
(130–300 MMg CO2e) could offset ~ 2–4% of total US
emissions. This potential offset would be effective for a limited
period as a new equilibrium is reached in C sequestration in the
soil, likely in 10–30 yr (West and Six 2007). The ability to cost-
effectively reduce enteric CH4 emissions in extensive grazing
systems via improved grazing management, feed supplements
and genetic improvement is generally estimated to be limited to
20% of the rangelands total (, 15 MMg CO2e  y1). US
Table 2. Potential mitigation actions to sequester carbon and reduce greenhouse gasses (GHG) emissions arranged within broad categories of enterprise
and social institutions. Mitigation strategies will need to consider all GHGs and be tailored to specific consequences of climate change in various
geographic regions.
Mitigation category1 Description1 Citations
Enterprise
Maintain/improve forage quality Reduce CH4 emissions from livestock Craine et al. 2010
Livestock supplementation Improve efficiency of livestock production and reduce CH4 emissions by providing
supplemental nitrogen, lipids, and ionophores
Johnson and Johnson 1995;
Guan et al. 2006
Limit intensive forage production Reduce management inputs and emissions Tilman et al. 2002
Conservative stocking Increase C sequestration by increasing belowground organic C Follett et al. 2001
Restore degraded systems Optimize C sequestration by increasing belowground organic C Follett et al. 2001
Tolerate woodland expansion Increase C sequestration, but also NO emissions Archer et al. 2001
Add legumes on rangeland Reduce N2O emissions US EPA 2012
Reduce herd size Reduces emissions from feed production and animal and manure CH4/N2O McCarl and Schneider 2000
Reduce N fertilization Reduce N2O emissions Leibig et al. 2010
Social institutions
Land use policies Maintain CRP, convert cropland to rangeland Follett et al. 2001
Eliminate perverse incentives Modify drought and other relief programs to reward anticipatory management Thurow and Taylor 1999
Facilitate adaptive management Promote collaborative management and monitoring programs, and management-science
partnerships
Chapin et al. 2010; Fazey et
al. 2010




Long-term planning horizons, promote local and regional actions rather than national
programs, increase management flexibility
Chapin et al. 2010
1CH4 indicates methane; C, carbon; NO, nitric oxide; N2O, nitrous oxide; N, nitrogen; CRP, conservation reserve program.
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rangeland livestock production systems are comparatively
efficiently managed (based on stocking rate, calving efficiency,
diet quality) overall, limiting the opportunities for reducing
CH4 and CO2 emissions or increasing C storage through
improved management of existing production systems alone
(Liebig et al. 2010). Although N2O fluxes can be altered by
burning rangeland vegetation, the changes are relatively small
compared to other sources and likely are below measurement
thresholds in national and regional accounting systems (US
EPA 2012).
Emissions Markets and Mitigation Incentives
Rangeland management practices have been allowed in various
carbon marketing schemes designed to reduce GHG emissions.
For example, the now defunct Chicago Climate Exchange
(2009) protocol allowed enrollment of lands that were not
fertilized or irrigated under certain conditions; requirements
included a forward-looking plan with a minimum 5-yr
commitment to manage for increased soil C storage through
practices that include grazing, a sustainable forage-animal
balance, and a contingency plan for drought management.
Provisions are currently emerging for a grassland burning
protocol for rangelands under the Australian Carbon Farming
initiative (Australian Government Department of Climate
Change and Energy Efficiency, Carbon Farming Initiative
2013).
The inclusion of rangeland management practices in a GHG
offset market or in a direct payment for mitigating practices
scheme would provide the financial incentive to encourage
mitigation strategies. However, a number of issues must be
addressed in order to implement such approaches (see
Supplemental Materials); consequently, implementation of a
US national C market does not appear imminent. Among these
issues is the need to accurately estimate changes in soil C in
response to management. Terrestrial C sinks in all ecosystems,
and on rangelands in particular, are widely dispersed and highly
variable in space and among seasons and years, largely because
of temporal variation in water availability (Brown et al. 2010;
Booker et al. 2013). This inherent spatial and temporal
variability, along with the limits of current technologies to
estimate soil C content and detect the success of sequestration
practices, likely will preclude the use of direct measurement of
C sinks as a basis for market transactions. As an alternative,
predictive models could be used to assess the value of individual
mitigation strategies and develop realistic policy alternatives at
larger scales (Lokupitiya and Paustian 2006). Unfortunately,
models currently applied to agricultural systems perform
poorly in predicting soil C changes and emission fluxes on
arid lands in general, and rangelands in particular (Martens et
al. 2005; Brown et al. 2010).
Potential sequestration rates on US rangelands range from
, 0.1 to nearly 1.0 Mg CO2e  ha1  yr1 over an extended time
period (see Schuman et al. 2002; Svejcar et al. 2008 for specific
estimates). These values imply that gross income from
sequestration activities will vary between $1  ha1 and
$10  ha1 at currently projected C prices of ~$10 T1. If
overhead costs are to remain at less than 10% of the value of
the commodity, the cost of verification and conveyance
activities must be limited to between $0.10  ha1 and
$1.00  ha1. To date, US prices for GHG mitigation activities
have not approached this target level. Furthermore, these prices
likely will not persist, because they reflect short-term commit-
ments and do not account for issues related to the permanence
of soil C pools or the fact that rates of soil C sequestration
decline as C pools approach saturation (West and Six 2007;
Kim et al. 2008).
Mitigation strategies have the potential to reduce the
economic viability of rangeland production systems (Ritten et
al. 2012) and increase commodity prices, including those for
livestock (Baker et al. 2010). Specific issues contributing to
increased production costs include limited management flexi-
bility, taxes, or other assessments on C emissions associated
with fuel and fertilizer production, and CH4 emissions resulting
from manure production and enteric fermentation (McCarl and
Schneider 2000, 2001). Additionally, verification to account for
the ecological and transactional uncertainties will reduce
payments available to land owners for GHG offset projects
(Kim and McCarl 2009; Ritten et al. 2012). However,
mitigation need not adversely affect rangeland economies,
especially in the longer term. For example, reducing fossil fuel-
derived inputs should increase economic returns in livestock
production systems (Zilverberg et al. 2011). Rangeland
investments currently are hampered by low economic returns
and the frequent absence of incentives to invest in improve-
ments, particularly on rented/leased public lands (Torell et al.
2005; Havstad et al. 2007). Economic returns from a C market
or public incentives could lead, in the long term, to
management that both increases C sequestration and improves
rangeland condition and productivity (Brown and Sampson
2009). For most US rangelands, grazing management to
optimize net return per unit of land area is consistent with
achieving C sequestration benefits (Derner and Schuman 2007;
deStieguer 2008). Likewise, proven technologies for cost-
effective management of extensive rangeland-based livestock
production systems are consistent with optimizing emissions of
CH4 and N2O (Liebig et al. 2010). Whether these emission
reductions and sequestration increases can be sufficiently
documented to meet market standards will determine the
ability of rangeland managers to profit from markets.
A thorough assessment of the ecological and social consid-
erations affecting C sequestration on US rangelands has
produced the following recommendations (Booker et al.
2013). First, short-term accounting is ill-advised, given the
high transactions costs associated with measurement of low
and highly variable C fluxes. Second, policies should not
assume that specific management practices will always promote
C sequestration and therefore, credits should not be directly
linked to these practices. Third, policies should seek to conserve
existing C on rangelands and restore soil C by converting
marginal croplands to perennial vegetation.
ADAPTATION TO CLIMATE CHANGE
Adapting to climate change requires an understanding of the
vulnerabilities of social-ecological systems and the development
of policies and management alternatives to enhance the
adaptive capacity of these systems to respond to known
vulnerabilities and potential surprises. Adaptation planning
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and action will be critical across all levels of government as
well as within the private sector, nongovernmental organiza-
tions, and community organizations (NRC 2010). For example,
US federal agencies are now developing sustainability plans to
address emission reductions and climate change adaptation in
response to Executive Order 13514 (US White House 2009; see
also Bierbaum et al. 2013). In the private sector, the insurance
industry is incorporating climate science into risk exposure and
management, and is working with clients to facilitate adapta-
tion to climate change and to reduce GHG emissions (Mills
2012). Yet, until recently, adaptation to climate change has
been a low national priority, so relatively little information and
few systematic approaches exist for its development (NRC
2010; Berrang-Ford et al. 2011). Information that does exist
has seldom been interpreted in ways that are relevant to
rangeland managers and it has not been effectively integrated
into management planning (Hoffman 2010; Stafford Smith et
al. 2011).
Adaptation Planning
Adaptation can be envisioned as an iterative risk-management
strategy that is based on the process of learning and adjusting,
rather than on adherence to a prescribed set of technologies and
policies (Nelson et al. 2007; NRC 2010). Adaptation first
involves a careful assessment of the feasibility of maintaining
current management goals based upon anticipated climate
changes, as well as frequent evaluation of progress toward the
attainment of established goals (Fig. 2). Climate change alters
known risks and introduces new risks, essentially modifying the
risk profile of the social-ecological system. Vulnerability
assessments can be used to analyze the implications of these
changes (step 2, see also Supplementary Materials). At the scale
of the ranch enterprise, a vulnerability assessment can provide
information to prioritize management strategies in light of
potential changes in climate. At the regional or national scale,
the assessment could be used to prioritize production enter-
prises and social-ecological systems relative to the magnitude of
harm and the anticipated rate at which adverse consequences
might occur in response to climate change. Such an assessment
could identify opportunities or barriers to adaptation that
could be facilitated by broader-scale developments, including
modification of government policy, development of new
scientific findings, and potentially increased public investment.
Adaptation options (step 3) should be designed to increase
the resilience of social and ecological systems to change (Table
1). Resilience has become an accepted framework for
management of social-ecological systems in the face of rapid
and unprecedented change—conditions in which prescriptive
management is of limited value (Walker and Salt 2012). An
explicit goal of resilience management is to sustain opportu-
nities for systems to supply ecosystem services to society
(Chapin et al. 2009). However, an ecosystem-service–based
approach will require development of new concepts and tools
to quantify existing and newly recognized ecosystem services
and their monetary values, assess tradeoffs, and develop
markets (Brown and MacLeod 2011). Although some services
have been traded as commodities for centuries (e.g., food, fiber,
and fire wood), new services (e.g., C sequestration, water yield,
viewsheds, and cultural values) will require new measurement
procedures and markets (steps 4 and 5). The development and
application of new procedures and markets to enhance
resilience will require the capacity to create and organize
knowledge of system components and their interactions and the
reorganization or development of organizations to extend and
apply this knowledge (Nelson et al. 2007; Pelling 2011).
Given the potential for continuous change in climate,
adaptation planning will require continued development of
adaptive capacity so that newly emerging conditions and
opportunities can be addressed within these systems (Nelson et
al. 2007; Pelling 2011). The potential exists to reduce adaptive
capacity (maladaptation) by minimizing flexibility and defer-
ring risk to a later time or to other sectors of social-ecological
systems (Pelling 2011). Therefore, specific adaptation actions
should be thoroughly analyzed for their short- and long-term
effects (life cycle analysis; Finnveden et al. 2009; de Vries and
de Boer 2010) to minimize the possibility of increasing
exposure and vulnerability in the future (NRC 2010). Toward
this end, monitoring is critical to effective evaluation of
adaptation strategies in social and ecological systems (step 6)
by providing information to evaluate progress toward adapta-
tion goals and to identify desirable modification to adaptation
strategies (Millar et al. 2007; Joyce et al. 2008; Morgan et al.
2008).
The overall effectiveness of adaptation to climate change
rests on four major considerations (Adger and Barnett 2009;
Stafford Smith et al. 2011). First is the window of opportunity
available for development and implementation of adaptation
strategies. In some cases, this window might be smaller than
previously assumed, based on the rate of climate change and
the potential occurrence of thresholds in the climate system
(Lenton et al. 2008). Second, the development of adaptation
strategies, regardless of their potential effectiveness, is depen-
dent upon sufficient financial and political capital to implement
them in a timely and meaningful manner. Third, many current
adaptations are unsustainable or maladaptive, and their limited
effectiveness can slow the development and implementation of
subsequent adaptations. Fourth, metrics of adaptation success
are inherently more ambiguous than those for mitigation
because they do not have a specific, measurable benchmark
Figure 2. The adaptation planning process is envisioned to incorporate the
following steps: 1) identify current and future climate changes relevant to
the system, 2) assess the vulnerabilities and risk to the system, 3) develop
an adaptation strategy using risk-based prioritization schemes, 4) identify
opportunities for co-benefits and synergies across sectors, 5) implement
adaptation options, and 6) monitor and reevaluate implemented adaptation
options (Figure 4.1 in NRC 2010).
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such as GHG emissions, and will vary with values and interests
of various stakeholder groups (Berrang-Ford et al. 2011).
There is also a legitimate concern that an overly simplified
approach to adaptation could invoke a false sense of security
regarding the consequences of climate change by suggesting
that all climate-related challenges are manageable. This
concern is especially the case for adaptation to known risks,
such as drought or increased fire frequency, because these
events can be viewed historically, their impacts on humans are
relatively well understood, and the expectation of optimal
economic solutions seems plausible (Eakin et al. 2009).
However, these retrospective reconstructions mask uncertainty
about the drivers of change and critical interactions, and stifle
awareness of associated climate surprises that can potentially
exacerbate system vulnerability. Similarly, the call for more
precise regional climate projections can overemphasize optimal
decision-making based on an unwarranted assumption of
accuracy of climate change projections when a more robust
approach to adaptation and decision-making might prove more
successful, i.e., resilience thinking (Dessai et al. 2009).
Adaptation Strategies
Rangeland social-ecological systems, production enterprises,
and management actions and goals differ widely; no single
adaptation strategy is applicable to all rangeland systems, all
situations, and over both short and longer time frames. In
addition, the human capacity for learning and implementing
responses to lessons learned offers a myriad of opportunities for
reducing exposure, predicting and detecting sensitivity, and
expanding adaptive capacity (Marx et al. 2007; Marshall
2010). Adaptation is a dynamic, iterative process in that social-
ecological systems will continue to respond to continual
climate change, and the adjustments implemented through
adaptive management will further modify the conditions that
dictate the most appropriate adaptation strategies (Fazey et al.
2010). This underscores the importance of nurturing and
building human capacity to continuously evaluate values,
structures, and outcomes in the social-ecological system
(Pelling 2011).
Adaptation strategies must be developed for both the short-
(near-) and long-term in order to identify and maintain the
maximum number of adaptation options for future consider-
ation (Fazey et al. 2010). Short-term adaptation strategies
could involve easily implemented practices, or ‘‘low hanging
fruit,’’ that increase the capacity of ecosystems to retain their
structure and function in the face of climate change by reducing
the detrimental impacts of these changes or other related
stressors (Millar et al. 2007). Many forms of adaptation
relevant to rangelands can be considered ‘‘no-regrets’’ strategies
because they can be justified without emphasis on pending
climate change. For example, climate change is likely to
exacerbate the effects of drought, invasive species, and wildfires
(NRC 2010; Polley et al. 2013 [this issue]). Intensified
management for these stresses thus will contribute to climate
change adaptation (Millar et al. 2007; Joyce et al. 2008). The
development of adaptation strategies for the longer-term
usually requires greater information and investment and, in
some cases, societal support or policy development (NRC
2010). Those who initiate these developments must be
cognizant of the likelihood of gradual transitions to unique
plant communities and enterprise structures, and modifications
in labor demands, market availability, as well as other socio-
economic variables. The success of these strategies must be
assessed relative to environmental, social, and economic
benefits within the context of the new climatic conditions
(Joyce et al. 2009).
Adaptation Strategies for Livestock Production Enterprises
Few of the specific adaptation strategies that have been
proposed (CCSP 2008; Heller and Zavaleta 2008; Bierbaum
et al. 2013) have focused on rangelands and livestock
production (e.g., Polley et al. 2000; Morgan et al. 2008;
Izaurralde et al. 2011). Strategies for livestock production
involve changes in grazing management, livestock breeds or
species, pest management, enterprise structure, and even the
geographic relocation of livestock production systems to
contend with likely impacts of climate change (Table 3). This
section primarily emphasizes ‘‘within ranch gate’’ strategies and
does not address broader concerns of transportation, meat
processing, and the cost and availability of water and energy.
Grazing Management. Conservative stocking rates, varied
season of grazing, flexible stocking strategies, and the
development of income diversification strategies can minimize
climatic impacts and promote ecological and economic
viability (Morgan et al. 2008; Torell et al. 2010; Coppock
2011). Herd size and composition, identification of reserve
forage, water availability and distribution, and forage-depen-
dent stocking strategies can be examined in the short term (see
‘‘no-regrets’’ strategies; Table 3) as strategies to respond to
drought (Thurow and Taylor 1999; Torell et al. 2010; Coppock
2011). For example, in a northern Australian rangeland,
financial returns after 12 yr of variable precipitation were
maximized by adjusting stocking rates based on available
forage, followed closely by set-stocking at a moderate rate
(O’Reagain et al. 2011).
Adaptation strategies developed by broader institutions or
governments can also be opportunities for engagement by the
ranch enterprise. Increased coordination between the private
sector and local to federal governmental agencies on drought
planning and drought-related policies (e.g., fire closures of
public lands, grazing management) could further reduce the
ecological and social effects of drought and increase system
resilience. At the federal level, the USDA Risk Management
Agency has developed Pasture Rangeland and Forage Insurance
to help livestock producers deal with the risk associated with
drought.1 This program allows producers to purchase insur-
ance to help reduce financial impacts of drought and is
subsidized 51% by the US government (Berger 2013).
Livestock Breeds, Classes, and Species. A shift in the breed,
class, or species of livestock is one of the more readily-
implemented adaptation strategies available to rangeland
managers (Table 3). Most cattle raised in the western United
States were developed from European breeds that possess a
relatively low tolerance to high temperatures (Kay 1997;
Hoffman 2010; O’Neill et al. 2010; Polley et al. 2013 [this
1Available at: http://www.rma.usda.gov/policies/pasturerangeforage/. Accessed 27
February 2013.
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issue]). Bos indicus cattle (e.g., Brahmans) are generally more
tolerant to heat stress than Bos taurus (English and Continen-
tal) breeds; higher temperatures, potentially lower quality feed,
and higher disease levels under climate change could be
additional factors to consider in cattle breeding programs
(Hoffmann 2010; O’Neill et al. 2010). Zhang et al. (2013)
found a greater incidence of Brahman and Brangus than Angus
breeds of cattle in hotter regions of Texas, evidence that many
managers have already shifted breeds as a means of adaptation
to higher temperatures. Although this shift facilitates cattle
production in warm climates, O’Reagain et al. (2009) noted
that the expansion of Bos indicus cattle in northern Australia
also allowed grazing pressure to be maintained in the most
severe droughts.
Livestock species can be replaced to better match climate and
forage class and availability (Kay 1997; Seo and Mendelson
2008; Seo et al. 2010). Sheep and goats are more heat tolerant,
require less water, and can consume a wider array of forage
types than cattle and might be better suited to exploit
anticipated changes in the forage base (see Izaurralde et al.
2011), including reduced forage quality (Hofmann and Stewart
1972). Smaller ruminants require less forage, and have slightly
higher production efficiency per unit of protein than larger
ruminants such as cattle (Dickerson 1978). Goat production
could shift westward into some rangelands if climate change
shifts the forage base toward increased shrubby and woody
species, or invasive species as anticipated (Glimp 1995).
Increased access to technical information and sponsored
demonstrations could facilitate these large-scale shifts to
alternative livestock species.
The availability of markets for these alternative livestock
products influence when and where the livestock shifts could
occur. Production of meat and milk goats, in particular, has
increased rapidly from 1997 to 2006 in the southeastern United
States in response to changes in demand associated with ethnic
diets (Solaiman 2007) and an increased availability of small,
relatively productive land units following changes in land use
(e.g., tobacco buyout). Alternatively, even though the use of
Brahman animals has expanded, the meat of Brahman animals
has lower consumer acceptability because it is less tender and
contains less marbling than that of European cattle breeds
(Koch et al. 1982), thus generating lower market returns
(Zhang et al. 2013).
Pest Management. Climate change can lead to more frequent
and severe impacts of both native and invasive insect species,
diseases and invasive plants that can reduce forage production
and quality and affect livestock health (Ryan et al. 2008; Ziska
et al. 2011; Walthall et al. 2012; Polley et al. 2013 [this issue]).
Currently available management strategies such as detection/
prediction, biological control, physical control, and chemical
control, could be intensified to address these biotic agents in
response to climate change. Monitoring points of entry and
rapid eradication, as exemplified by the USDA early detection
and rapid response program, will continue to be important
with respect to invasive species (Ziska et al. 2011). Monitoring
at the scale of the enterprise will also be important to identify
changing pest concerns.
Innovative pest management solutions will be required to
address the challenge of insect pests of livestock because it
might not be economically or environmentally sustainable to
continue to rely on chemical control of livestock ectoparasites
(Pruett 2002). Alternatives to chemical controls include the use
of resistant livestock breeds, selection of resistant animals
within a breed, immunization, and use of alternatives to
chemical pesticides. For example, horn fly resistance appears to
be highly heritable (Brown et al. 1992; Pruett 2002). Concerns
about chemical management suggest that novel approaches,
such as habitat manipulation for insect herbivores (Branson et
al. 2006) or prescribed fire to alter parasite communities, be
considered (Scasta et al. 2012).
Early studies on chemical control of invasive plant species
indicate a potential decline in chemical efficacy under climate
change and elevated CO2, with little understanding of the
mechanisms (Ziska et al. 2011). Climate change could also
alter the efficacy of biological control, given that climate
change is likely to affect predator and prey species differently,
and this too remains an important research area. Ziska et al.
(2011) indicate that rising CO2 levels could increase the root–
to-shoot ratio of some invasive plant species and thereby both
enhance the capacity of these plant species to reproduce
asexually and reduce the current efficacy of mowing and
grazing as a control practice.
Enterprise Structure. Past production efficiencies and market
pressures have led to changes in enterprise structure, and shifts
in geographic distribution of beef production and industry
structure. In the mid-20th century, many livestock managers
moved from integrated cow–calf, stocker–feeder operations to
more specialized operations to take advantage of forage
conditions and to reduce risk (MacDonald and McBride
2009). Cow–calf operations shifted to the southeast where
milder winters and higher rainfall provided a consistent forage
supply to support animal reproductive efficiency. Stocker
operations replaced traditional cow–calf enterprises in the
tallgrass prairie of the eastern Great Plains because stockers
could effectively utilize the large amount of high-quality forage
produced during the first half of the growing season (Owensby
et al. 1973). Feedlot finishing operations shifted from the upper
Midwest to the High Plains to take advantage of the readily
available source of grain produced on irrigated croplands.
Similarly, diversification of rangeland enterprises has been
implemented through management practices, land tenure
arrangements, products, marketing, and services, including
ecosystem services that are not yet marketable (Sayre et al.
2012). These changes occurred in response to: 1) economic
concerns emphasizing efficiencies of scale, 2) human demo-
graphics as reflected in aging and absentee landowners who
desired to reduce risk, and 3) climatic considerations focused
on matching animal physiological needs with forage produc-
tion cycles.
Future changes in ecological, economic, and social variables,
including land use change, likely will drive additional changes
in livestock production systems (Reilly et al. 2002; McBride
and Mathews 2011), including the geographic location of
production systems. For example, urbanization will continue to
pressure rangeland area surrounding cities (USDA Forest
Service 2012) and the arid West is likely to be affected by
energy development on rangeland—oil and gas development as
well as solar (Kreuter et al. 2012; Reeves and Mitchell 2012).
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In addition, the demand for energy crops could shift cropland
and pasture to perennial bioenergy crops, resulting in a loss of
land area directly supporting livestock production. This change
in forage availability could accelerate the shift of cropland
pasture to hay production or private rangeland pasture to
cropland pasture (Dale et al. 2011).
Climate change, in combination with ecological and social
variables, will likely force further shifts in the geographic
location of major rangeland production enterprises. Reduced
stocking rates, conversion of cropland to rangeland, and
shifting the loci of cattle production and processing operations
into more suitable areas could be viable adaptation strategies
for responding to warmer and drier climatic conditions
(McCarl 2007, 2011; Mu et al. 2013). For example, warming
and drying will likely reduce livestock production in the
southern plains and southwestern United States, but it might
increase production in the northern states and southern Canada
by increasing plant production and minimizing low-tempera-
ture stress on livestock (Thorpe et al. 2008; Kulshreshtha 2011;
Polley et al. 2013 [this issue]). Alternatively, an enterprise
might shift from livestock production to ecotourism, hunting,
wind energy, or C sequestration (i.e., mitigation strategy) if
climate change reduces the economic viability of traditional
production systems (Morgan et al. 2008, 2010; deSteiguer
2008). In addition to product diversification, adaptation at the
level of the enterprise might require a change in the perception
of acceptable levels of ecological and social risk, and change in
the social capital or infrastructure devoted to land management
in order to remain economically viable (Adger et al. 2007;
Walthall et al. 2012).
Building the Capacity to Implement Adaptation Strategies
The availability of appropriate adaptation strategies is critical
in responding to climate change, but equally important are
availability of information, experience and training, social and
economic incentives, and the organizational and institutional
resources to facilitate their implementation (Popp et al. 2009;
Fazey et al. 2010; Moser and Ekstrom 2010; Marshall et al.
2011). Local opportunities are needed to expand technical
skills for climate-smart management, strengthen professional
networks, support organizations to increase opportunities for
climate change education, enhance adaptive capacity in the
form of skills and staff, and create social networks or
communities of practice within and among private, local, state,
and federal agencies (Peterson et al. 2011; Bierbaum et al.
2013). The successful use of advances in rangeland science in
management and decision-making will be dependent upon the
emergence of social organizations that can facilitate the
integration of this information across the social-ecological
system (Sayre et al. 2012; Bestelmeyer and Briske 2012). The
Climate Adaptation Knowledge Exchange (CAKE) is an
example of an organization focused on integrating and sharing
information, data tools, and on-the-ground adaptation prac-
tices, as well as connecting a community of practitioners to
enhance ecosystem management with climate change.2 Profes-
sional societies, such as the Society for Range Management,
can play a lead role in the development of communications
strategies to raise awareness of climate change, its potential
impacts, and the advantages of early attention to adaptation.
Partnerships with other professional organizations and agencies
could facilitate integration of diverse climate change knowl-
edge into education and training materials, development of best
practices networks, and the establishment of standards for
viable adaptation practices.
The variable nature of ecological and social systems, as well
as potential mismatches in the timing or scale of events, such as
drought or market failures, constrains learning and the
development of adaptive capacity (Stafford Smith et al.
2007). Currently, many rangeland enterprises perpetually
remain in a ‘‘drought trap’’ with limited capacity to cope with
more frequent and severe drought events (Coppock 2011). For
example, a very small percentage (14%) of rangeland
enterprises were prepared for the 1999–2004 drought in Utah,
as evidenced by data on livestock sales, hay purchases, and the
large number of requests for federal drought relief and ‘‘crisis’’
water development (Coppock 2011). The percentage of
enterprises that were prepared for the subsequent drought in
2009 only increased to 29%. Drought preparedness was
strongly influenced by a manager’s experience in the previous
drought and the perception that another drought was
imminent. This lack of response, also termed an ‘‘adaptation
deficit,’’ has been partly ascribed to drought relief programs,
interpreted as perverse incentives that encourage a lack of
preparedness for what is an inevitable occurrence on most
rangelands (Thurow and Taylor 1999). In other examples,
social considerations, rather than physical vulnerability to
climate change (e.g., availability of water), are known to
determine managers’ perception of the risk of climate change
(Marx et al. 2007; Moser and Ekstrom 2010; Safi et al. 2012).
Similarly, strategic skills, environmental awareness, and social
capital exceeded technical considerations as determinants of
adaptation planning for grazers in Australia (Marshall et al.
2011).
Integrating information on climate change, impacts, and
adaptation options into the decision-making process has been
seen as a critical role for vulnerability assessments, yet
implementation of adaptation management has not followed
necessarily from these assessments (Preston et al. 2011; Yuen et
al. 2013). More broadly, it has been well documented that the
use of climate change science information is under-utilized in
decision making (Marshall 2010; Dilling and Lemos 2011). For
example, ranch managers in Australia perceive themselves to be
resilient to climatic variability, yet only about 40% utilize
scientific information such as seasonal climate forecasts
(Marshall 2010). Dilling and Lemos (2011) stress that
successful use of science in decision making requires the
purposeful and strategic interaction between the producers and
users of knowledge. Professional organizations, particularly
those focused on the intersection of resource management and
science, can have a integrative role engaging their membership
in strategic thinking about information needs to mitigate and
adapt to climate change within various enterprises as well as in
regulation and policy.
Adaptive capacity varies greatly among land owners and
managers, even within specific regions, creating a ‘‘social
heterogeneity’’ in human emotional and financial flexibility,
interest in adapting to climate change, and capacity to manage
risk, and to plan, learn and reorganize (Marshall and Smaigl2Available at: http://www.cakex.org/about.
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2013). This heterogeneity results in the daunting task of
identifying what different land owners and manager are willing
to learn and implement as adaptation. It has been suggested
that social learning should play a greater role in adaptation
planning, and vulnerability assessments in particular (Yuen et
al. 2013). Social learning, or collective learning, is a process
where human values, goals, and knowledge can be shared so
that collective actions can be taken (Yuen et al. 2013). The
Malpai Borderlands Group (MBG) is an example of self-
organization and active or collaborative learning (Gunderson et
al. 2006) where private landowners, environmental organiza-
tions, and state and federal agencies responded to the threat of
landscape subdivision and development and the risk of
declining productivity and loss of biological diversity that
accompanies woody species encroachment. In the MBG,
scientists and technical advisors worked directly and continu-
ously with landowners and managers to use the best available
science and technology to achieve objectives. This collabora-
tion has resulted in more relevant science and more effective
adaptive management, including grass banking.3
Most adaptation strategies incorporate management prac-
tices to reduce the physical or biological impacts of climate
change; however, few adaptation strategies incorporate socio-
economic incentives to encourage human behavior toward
management to sustain resilient ecosystems (for example,
sustained drought management, Marshall 2010; Marshall and
Smaigl 2013). For example, flexible grazing management
strategies, including a combined cow–calf and yearling
operation, produce greater economic return than a set
conservative strategy (Torell et al. 2010), yet these strategies
are infrequently adopted because decision makers perceive that
these strategies increase financial risk. Increased climatic
variability will require greater flexibility in forage sources
(i.e., grass banks, hay supplies), increased contingency plan-
ning, and the ability to alter herd sizes and production systems,
all of which require a financial buffer and could be advanced
using financial incentives (Adger et al. 2007; Morgan et al.
2008). Local knowledge might be insufficient on its own for
sustainable management (Stafford Smith et al. 2007); hence, it
will be important for emerging social organizations to integrate
local knowledge and emerging scientific information so that
learning systems across the local to regional scale can identify




It is generally assumed that incremental adaptation will be
sufficient to a warming threshold of 28C (i.e., dangerous climate
warming), but limited actions to reduce global GHG emissions
indicate that this threshold will be attained and surpassed (Adger
and Barnett 2009; Stafford Smith et al. 2011). In these cases,
climate change is likely to create situations where it is not
economically or ecologically feasible to alter management and
organizational resources sufficiently to preserve the functions
supporting desired ecosystem services (Joyce et al. 2008; Kates et
al. 2012). For example, managers might find that it is not
economically sustainable to compensate for the expected decline
in forage quality associated with increasing CO2 concentration,
temperature, and drought (Morgan et al. 2008) or the
anticipated change in plant species composition (Polley et al.
2000). In these instances, economic and ecological constraints
might compel a change in enterprise structure to emphasize
production of alternative ecosystem services. These conditions
could arise from a rapid acceleration of climate change in
specific regions (i.e., climate hotspots), and maladaptive
practices that predispose systems to threshold type collapse
(Adger and Barnett 2009; Kates et al. 2012). Transformation, by
definition, transcends incremental adaptation and requires new
and novel interactions between the social and ecological
subsystems. The emphasis in transformation is on provisioning
‘‘new’’ ecosystem services—ecotourism, hunting leases, C se-
questration—that emerge as social-ecological systems shift to
accommodate ecological change or modification in the avail-
ability of land, labor, and capital (Walker and Salt 2012).
Woody plant encroachment has contributed to, and likely
will continue to contribute to, the transformation of rangeland
systems (Fig. 3). Adaptive management might be able to
respond successfully to increases in the shrub:grass ratios on
grazed rangelands by changing grazing season, altering
livestock genetics or even livestock species, or providing
supplemental feed (see previous section on Adaptation).
However, in some social-ecological systems, the balance might
shift so strongly toward shrub dominance that the continued
production of grazing livestock is impossible to maintain. In
other cases, ecological systems might remain relatively stable as
expressed in the shrub:grass ratio, but the social subsystem will
no longer support livestock production. A social subsystem can
collapse from a lack of capital or a labor shortage in
depopulating rural areas and declining consumer demand or
increasing international competition for specific products.
Transformational change of one subsystem can destabilize
another subsystem to eventually transform the entire social-
Figure 3. Transformational change often involves simultaneous or
reinforcing changes in different domains (ecological, economic, and
social/cultural) and at multiple spatial scales. The figure is adapted from
Kinzig et al. (2006).
3Available at: http://www.malpaiborderlandsgroup.org.
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ecological system via a process of linked, cascading effects
(Park et al. 2012; Walker and Salt 2012; Fig. 3). It is also
possible that both the ecological and economic subsystems will
simultaneously collapse as occurred during the Dust Bowl of
the 1930s in the United States.
Although much less socially disruptive, such an event might
currently be underway in the southern Plains region in response
to the droughts of 2011–2012 (Peel 2013). The majority of
livestock are held primarily in small (, 250) herds, dependent on
a wide variety of forages. The severe drought and high hay prices
forced producers to sell animals. A decline in the national beef
cow herd has kept prices for replacement stock high, and
difficulty in accessing credit has greatly limited the ability of
producers to reestablish their cow herds. Simultaneously,
demand for land for low density development in the region is
driving land prices higher. These social and economic forces are
compelling many livestock producers to sell out. This changing
matrix of landowners with widely disparate objectives for land
use and management can greatly complicate the interpretation,
packaging, and delivery of research into extension and assistance
programs. This type of multiscale transformation could ulti-
mately restructure the social, economic and ecological nature of
landscapes, making them more vulnerable to a host of potential
threats, including wildfire, invasive species, and fragmentation.
The capacity of social-ecological systems to successfully
manage transformation depends on five key considerations:
awareness, incentives, networks, experimentation, and assets.
Awareness of the need to implement transformative strategies
depends on human ability to recognize and broadly communi-
cate impending changes in the ecosystem services derived from a
social-ecological system (Carpenter and Folke 2006; Marshall et
al. 2011). Transformative change is difficult; hence, people and
organizations do not want to embark on difficult journeys unless
there is a compelling reason (Kates et al. 2012). Denial is often
an immediate response that can be difficult to overcome (Walker
and Salt 2012). Consequently, incentives might be required to
encourage voluntary change (Osterblom et al. 2011). Deciding
what to do and implementing those decisions are largely
dependent upon the strength of networks and the ability of the
participants to experiment, preferably at local to regional scales
until cost-effective strategies have been established (Nelson et al.
2007; Folke et al. 2010). The Malpai Borderland Group
illustrates how social and scientific organizations can success-
fully network to identify the changes in land management
policies, programs, and actions required to respond to climate
change. Finally, transformability requires flexibility in the assets
or resources necessary to implement change. The ability to
mobilize and direct critical financial, labor, and technical
resources is considerably constrained when operating margins
are narrow (Marshall et al. 2011). Recognizing and communi-
cating the need for transformation and developing policies,
programs, and actions to support determination of when and
how to initiate transformational changes are important chal-
lenges for the rangeland profession.
SYNOPSIS OF MITIGATION AND ADAPTATION
STRATEGIES
 Climate change is a unique global event in that humans can
implement actions to both affect the severity of climate change
through the rate of GHG emissions (mitigation) and mediate
the ecological and social consequences of climate change
(adaptation). Consequently, human goals and values, socio-
economic responses, and political imperatives will exert a
large and often decisive influence on the development and
implementation of mitigation and adaptation strategies. It is
important that both ecological and socio-economic compo-
nents and their interactions be considered when devising such
strategies.
 At the scale of the ranch enterprise, mitigation actions for C
sequestration do not appear economically viable, given the
small and highly variable CO2 fluxes and proportionately high
transaction costs. Current knowledge of C fluxes in rangeland
systems indicates that policies and programs should focus on
long-term strategies to protect existing C pools, rather than
promote additional sequestration, with the clear exception of
converting marginal cropland to perennial vegetation.
 Vulnerability of rangeland production enterprises to climate
change is determined by a combination of social and
ecological variables, including sensitivity to climatic vari-
ability, the extent to which climate change occurs, and the
amount of adaptive capacity that can be developed within
the local social-ecological system. Vulnerability of an
enterprise is also affected by the response of regional,
national, and international markets, governmental policies,
and social dynamics to climate change.
 Effective adaptation strategies involve modifications within a
linked framework of social and ecological systems to
minimize detrimental consequences and capture opportuni-
ties arising from climate change. Climate change will alter
the environmental and economic risk profile of the ranch
enterprise; adaptation will be required to minimize the new
and novel risks to ecosystem function, enterprise viability,
and human livelihoods. Adaptation is an iterative process
involving continuous adjustments and social learning to
guide change in social-ecological systems.
 Adaptation strategies for livestock enterprises are numerous
and varied, and will be unique to each situation. These
strategies might include well-designed drought contingency
plans, options for greater herd flexibility, heat- or drought-
tolerant livestock breeds or species, adoption of innovative
pest control methods, diversification of the enterprise, and in
extreme cases, a shift in structure or location of production
systems.
 Climate change is likely to create conditions in which the
investment required to ‘‘adapt’’ might exceed the economic
return or desired social benefits or is ecologically improba-
ble. In these cases, it will be necessary for social-ecological
systems to transform to a new configuration and to develop
new ways of operating that include the production of
alternative ecosystem services with novel management
approaches and production systems.
MANAGEMENT IMPLICATIONS
A conservative interpretation of contemporary climate change
science and GHG emission trends indicates that there is a high
probability of future deviation from long-term climatic trends,
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as well as increasing variability around these trends. The direct
and indirect effects of these changes are likely to substantially
modify ecosystem function and the services and livelihoods
provisioned. This establishes a clear need to develop adaptation
strategies to contend with these changes, even though precise
forecasts of climate change are not available. The challenges
posed by increasing climatic variability on rangelands are
illustrated by the ‘‘adaptation deficit’’ that exists to current
climatic conditions, especially regarding limited adoption of
flexible grazing management strategies and implementation of
effective drought management planning. Development and
implementation of effective adaptation strategies will require
that the pervasive perception of climatic consistency as
exemplified by the development of ‘‘crisis’’ management policies
be replaced by greater awareness and preparedness for climatic
variability and uncertainty.
Adaptation is a well-established concept in rangeland
systems, but the anticipated rate of climate change, in
conjunction with major changes in land use patterns, globalized
agricultural markets, and increasing competition and costs for
resources that traditionally were dedicated to livestock
production (e.g., land, water, and feedstocks), might render
previous management and policy recommendations inappro-
priate. New approaches are required to anticipate, plan for, and
minimize the detrimental consequences of climate change, and
to recognize and capture opportunities that arise from these
altered conditions. These approaches will involve a diverse
scope of options, including altered risk perception and aversion
by individuals, greater flexibility of production enterprises, and
modifications to social organizations that will collectively
emphasize the variability, rather than the consistency of
climatic conditions. Central to this approach for developing a
framework of adaptation strategies is a system capable of
monitoring and recording relevant information, defining risk
assessment and management, assessing the effectiveness of
various adaptation strategies and actions, and organizing
multistakeholder partnerships that emphasize mutual support
and information sharing (Meinke et al. 2009; NRC 2010;
Stafford Smith et al. 2011). Adaptation over long planning
horizons represents a dynamic, iterative process, rather than a
static set of technologies or policies, and is founded upon
adaptive capacity and social learning to continuously respond
to rapidly changing social and ecological conditions.
The rangeland profession is uniquely positioned to address
climate change adaptation and mitigation because it represents
the intersection of management and scientific knowledge,
includes stakeholders who derive their livelihoods either
directly or indirectly from rangelands, and interacts with social
organizations responsible for rangeland stewardship. The
Society could support development of a database and
decision-support framework capable of organizing the most
relevant sources of information regarding adaptation and
mitigation alternatives, address cost:benefit ratios, and provide
a means to transfer the lessons learned. This synthesis supports
the conclusion that the rangeland profession should draw upon
its legacy and professional network to develop, extend, and
promote implementation of multiple strategies to confront
current and pending climatic variability and promote rangeland
stewardship and human well-being.
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